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In t roduc t ion  

The carbon h y g r i s t o r  c u r r e n t l y  used i n  United S t a t e s  radiosondes has 
been found t o  y i e l d  i n c o r r e c t  humidi t ies  because t h e  temperature of  t h e  
h y g r i s t o r  and of t h e  a i r  pas s ing  through t h e  h y g r i s t o r  duct  d i f f e r  from t h a t  
o f  t h e  ambient a i r  a s  sensed by t h e  o u t r i g g e r  t he rmis to r .  

The temperature d i f f e r e n c e  stems mainly from hea t ing  o f  t h e  black hygris-  
t o r  by s o l a r  r a d i a t i o n ,  by h e a t  t r a n s f e r  from t h e  sonde package, and from 
thermal lag  of t he  h y g r i s t o r  as  t h e  sonde ascends (o r  descends i n  t h e  case of 
t h e  dropsonde) through t h e  atmosphere w i t h ' i t s  temperature changes. The 
problem i s  f u r t h e r  aggravated by t h e  reduct ion  i n  t h e  r a t e  of  a i r f low through 
t h e  h y g r i s t o r  duct  o f  t h e  radiosonde and a r e s u l t a n t  reduct ion  i n  hea t  t r ans fe r  
r a t e  from h y g r i s t o r  t o  a i r ,  thereby  inc reas ing  t h e  thermal l a g  time. Also, 
thermal condit ioning of  t h e  radiosonde before  r e l e a s e  apparent ly  con t r ibu te s  
t o  an i n i t i a l  h y g r i s t o r  temperature anomaly i n  t h e  lowest 50 mb of t h e  
sounding. 

Humidity e r r o r s  r e s u l t i n g  from t h e  hea t ing  e f f e c t  on t h e  h y g r i s t o r  have 
been noted by Wallace and Chang (1969), Teweles (1970), Morrissey and 
Brousaides (1970), and Ostapoff,  Shinners ,  and Augstein (1970). Bunker (l953), 
Mathews (1965) , Morrissey and Brousaides (1970) , and Harney (1971) have 
d iscussed  t h e  problems of  thermal  l a g  and v e n t i l a t i o n .  Teweles (1970) l i s t e d  
modif icat ions t o  t h e  duct  t h a t  have been suggested i n  o rde r  t o  minimize t h e  
r a d i a t i o n  e r r o r s  and t o  reduce t h e  thermal lag  o f  t h e  h y g r i s t o r  by increas ing  
t h e  v e n t i l a t i o n  r a t e .  An improved duct  has been designed and i s  planned t o  
be i n  opera t iona l  use  by t h e  l a t t e r  p a r t  o f  1971 o r  e a r l y  1972. The duct 
w i l l  be  f a b r i c a t e d  o f  ma te r i a l  more opaque t o  s o l a r  r a d i a t i o n ,  w i l l  have a 
blackened i n t e r i o r ,  a s u b s t a n t i a l  improvement i n  v e n t i l a t i o n  r a t e ,  and w i l l  
have a s e p a r a t e  duct  channel beneath t h e  h y g r i s t o r  duct  t o  i n s u l a t e  i t  from 
t h e  r e s t  of t h e  sonde package. I t  i s  expected t h a t  t h e s e  modif icat ions w i l l  
s u b s t a n t i a l l y  reduce t h e  e r r o r s  due t o  hea t ing  o f  t h e  h y g r i s t o r  by s o l a r  
r a d i a t i o n  and by h e a t  t r a n s f e r  from the  sonde package. The e r r o r  due t o  
thermal l a g  of t h e  h y g r i s t o r  w i l l  be  s u b s t a n t i a l l y  reduced by t h e  improved 
v e n t i l a t i o n ,  bu t  w i l l  s t i l l  e x i s t .  



The h y g r i s t o r  i s  an e x c e l l e n t  s enso r  o f  t h e  t r u e  humidity of an a i r  
sample. However, i f  t h e  h y g r i s t o r  and t h e  sensed a i r  sample i n  i t s  immediate 
v i c i n i t y  have temperatures d i f f e r e n t  from t h e  ambient f r e e - a i r  temperature,  
the sensed r e l a t i v e  humidity w i l l  no t  r ep re sen t  t h e  humidity of  t h e  f r e e  a i r ,  
but r a t h e r  t h e  humidity t h e  ambient a i r  would have i f  i t s  temperature were 
changed t o  t h a t  of  t h e  h y g r i s t o r .  Thus, when t h e  senso r  r e l a t i v e  humidity i s  
r e l a t e d  t o  t h e  ambient a i r  temperature a s  measured by t h e  the rmis to r ,  t h e  
sensed and computed r e l a t i v e  humidity w i l l  be  t oo  low i f  t h e  h y g r i s t o r  temper- 
a tu re  i s  h igher  than  t h e  ambient f r e e - a i r  temperature.  The converse is  a l s o  
t rue .  

In  t h e  case o f  t h e  ascending rad iosonde , three  e f f e c t s  a r e  q u i t e  no t i ce -  
able:  t h e  e f f e c t s  of  s o l a r  and package hea t ing ,  t h e  e f f e c t  of  thermal l ag ,  
and t h e  e f f e c t  of  p r e - r e l e a s e  thermal condi t ions .  The thermal lag ,  i n  response 
to  decreasing temperature,  causes t h e  h y g r i s t o r  t o  y i e l d  both day and n igh t  
humidity values t h a t  a r e  t oo  low. The s o l a r  e f f e c t ,  o f  course,  i s  absent  a t  
n ight .  The l a g  e f f e c t  w i l l  approach zero  i n  isothermal  condit ions and w i l l  
r everse  s i g n  i n  i nve r s ions .  Depending upon condi t ions  before  r e l e a s e ,  t h e  
sonde package may be e i t h e r  warmer o r  co lde r  than  t h e  a i r  temperature a t  r e -  
lease ,  causing humidity e r r o r s  of  e i t h e r  s ign .  This e f f e c t  may manifest  i t s e l f  
i n  an abrupt  decrease of  s p e c i f i c  humidity from t h e  s u r f a c e  value,  based on 
psychrometric observat ions aboard s h i p ,  t o  t h e  f i rs t  p o i n t  of  t h e  sounding, 
and unusual ly low humidi t ies  through t h e  lowest 50 mb (approximate) . 

In  t h e  case of  dropsondes, t h e  h y g r i s t o r  i s  mounted on an ou t r igge r  and 
the  r e s u l t i n g  f i v e -  t o  t en - fo ld  inc rease  i n  i ts  v e n t i l a t i o n  r a t e  compared 
with t h a t  of  t h e  radiosonde s u b s t a n t i a l l y  reduces t h e  daytime s o l a r  r a d i a t i o n  
and package hea t ing  e r r o r s .  The thermal l a g  e f f e c t  w i l l  g ive  an e r r o r  of  
oppos i te  s i g n  t o  t h a t  given by t h e  radiosonde. The n e t  e f f e c t s  of t h e  g r e a t e r  
dropsonde v e n t i l a t i o n  r a t e  ( s h o r t e r  l a g  time) and h ighe r  r a t e  of  change of  
temperature because of  t h e  dropsonde's f a l l  speed tend t o  o f f s e t  each o the r ,  
however, and g ive  a humidity e r r o r  caused by l a g  t h a t  i s  of  approximately the  
same magnitude as  t h e  radiosonde 's .  Thus, i f  simultaneous night t ime rad io-  
sonde and dropsonde soundings a t  t he  same loca t ion  were ava i l ab l e ,  t hese  could 
be used t o  eva lua t e  t h e  l ag  co r r ec t ions  requi red  f o r  both instruments  t o  
br ing  t h e  two humidity soundings i n t o  agreement. 

Correct ion Procedure 

Equiprobabi l i t y  Transformation -- Figure 1 schemat ica l ly  i l l u s t r a t e s  a 
procedure by which one s e t  o f  b iased  measurements can be modified. The curves 
shown rep resen t  cumulative percent  frequency d i s t r i b u t i o n s  o f  s p e c i f i c  humi- 
d i t y  obtained during BOMEX from a i r c r a f t  and radiosondes, night t ime and day- 
time, i n  t h e  lowest 300 m of  t h e  soundings. These have been measured a t  t he  
same p o s i t i o n  i n  time and space. The b e s t  s e t ,  t h e  a i r c r a f t  da t a ,  i s  consi- 
dered t h e  master  s e t .  

I f  we a r e  i n t e r e s t e d  only i n  averages,  then  t h e  modifying procedure 
would be t o  change t h e  50th p e r c e n t i l e  va lues  of  t h e  radiosonde d i s t r i b u t i o n s  
t o  t h e  50th p e r c e n t i l e  value of t h e  a i r c r a f t  da ta .  Thus, a 14.0 g/kg value 
f o r  t h e  n igh t  radiosonde d i s t r i b u t i o n  and t h e  16.6 g/kg va lue  f o r  t h e  day 
radiosonde d i s t r i b u t i o n  would be inc reased  t o  about 17.8 g/kg f o r  t h e  a i r c r a f t  
d i s t r i b u t i o n .  In  f i g u r e  1, t h e  arrows a t  (a) of  t he  50th p e r c e n t i l e  from 



14.0 g/kg upward and then h o r i z o n t a l l y  t o  t h e  "A curve and then downward 
i l l u s t r a t e  t h i s .  

I f  we wish t o  modify an ind iv idua l  reading,  we can use  t h e  fol lowing 
technique.  Let us suppose, f o r  example, t h a t  a 13.6 g/kg reading i s  obtained 
from t h e  day radiosonde (RD) sounding. We then proceed upward from 13.6 g/kg 
t o  t h e  radiosonde day curve. The i n t e r s e c t i o n  occurs  a t  about 0 .33 on t h e  
cumulative pe rcen t  frequency curve. We then go t o  t h e  same cumulative percen 
frequency on t h e  a i r c r a f t  curve, and from t h i s  i n t e r s e c t i o n  proceed downward 
t o  t h e  absc i s sa  a t  17.6 g/kg. The daytime curve can be modified t o  t h e  
n ight t ime curve va lue  a t  16 .3  g/kg, o r  both can be modified t o  t h e  17.6-g/kg 
a i r c r a f t  value.  

The d i f f e r e n c e  between t h e  a i r c r a f t  (A) and n ight t ime radiosonde (RN) 
d i s t r i b u t i o n  curves i n  f i g u r e  1 r e f l e c t s  t h e  thermal l a g  e f f e c t .  The d i f f e r -  
ence between t h e  radiosonde (RN) and day (RD) curves r e f l e c t s  t h e  s o l a r  
r a d i a t i o n  e f f e c t  and, p o s s i b l y ,  thermal condit ioning be fo re  r e l e a s e .  

Lag Correct ions --  From Middleton and Spi lhaus (1953), t h e  fol lowing 
approximation i s  der ived:  

Q (Specific Humidity) + 
Figure 1. Schematic of  proposed procedure for correction of  BOMEX 

radiosonde hwridity data. Curves represent  actuaZ cum- 
u la t i v e  frequency (empiricaZ probabiZity) d is tr ibut ions  
o f  spec i f i c  hwnidi t y  from day time radiosonde (RD) , night- 
time radiosonde (RN), and a i r c ra f t  measurements ( A ) .  



where Th i s  t h e  h y g r i s t o r  temperature i n  O C ,  Ta i s  t h e  temperature of t h e  
I ambient a i r  i n  O C  (as  sensed by t h e  the rmis to r ) ,  and t i s  t h e  time i n  seconds 

s i n c e  t h e  previous p o i n t  i n  t h e  sounding. The t ime l apse  r a t e  term f3 equals  
ATa/At and i s  assumed t o  be  a cons tan t  between each p a i r  o f  consecut ive 
p o i n t s .  The lag  cons tan t  i n  seconds i s  A ;  s u b s c r i p t s  1 and 2 denote values 
at success ive  po in t s  i n  t h e  sounding. 

An i n i t i a l  approximation t o  t h e  l a g  cons tan t  A a s  determined by Glaser  
(Teweles, 1970) was considered t o  be about 30 sec ,bu t  i t  does vary with a i r  
dens i ty  and v e n t i l a t i o n  r a t e .  From l a g  cons tan t  c a l i b r a t i o n  d a t a  f o r  t he r -  
mis tors  and app l i ca t ion  t o  BOMEX soundings, t h e  fol lowing t e n t a t i v e  r e l a t i o n -  
s h i p  has been derived:  

where p i s  t h e  a i r  dens i ty  i n  kg/m3 and Vv i s  t h e  v e n t i l a t i o n  r a t e  i n  
meters p e r  second. 

The v e n t i l a t i o n  r a t e  f o r  t h e  National Weather Se rv i ce  radiosonde has been 
determined by Ostapoff e t  al.  (1970; s e e  a l s o  Teweles, 1970) t o  be 28 t o  33 
percent  o f  t h e  ascent  r a t e ,  i . e . ,  approximately 

where A i s  t h e  ascent  r a t e  i n  meters p e r  second. 

As noted e a r l i e r ,  t h e  dropsonde h y g r i s t o r  was mounted on an ou t r igge r  arm 
d i r e c t l y  i n  t h e  a i r s t r e a m  and v e n t i l a t e d  a t  t h e  f a l l  v e l o c i t y  (approximately) 
7 .5  t o  11.5 m/sec). Because t h e  descent  r a t e s  were no t  r e a d i l y  a v a i l a b l e  f o r  
t h e  BOMEX dropsondes, an approximate equat ion was der ived  from a small sample 
t h a t  gives t h e  descent  r a t e  a s  a func t ion  o f  a i r  dens i ty .  Ver t i ca l  a i r  motions 
were ignored.  The v a l i d i t y  of  t h i s  equat ion,  

w i l l  b e  t e s t e d  f u r t h e r  with a l a r g e r  'sample and modified a s  requi red .  

By s u b s t i t u t i n g  equat ions (3a) and (3b) i n t o  equat ion (2) ,  we ob ta in  t h e  
r e spec t ive  l a g  cons tan ts  f o r  t h e  radiosonde,XR,and f o r  t h e  dropsonde,XD: 

and 



The t r u e  ambient r e l a t i v e  humidity a t  t he  ambient t he rmis to r  temperature,  
Ta, can be w r i t t e n  

where (RH)i i s  t h e  i n d i c a t e d  r e l a t i v e  humidity, and es (Th) and es (Ta) a r e  the  
s a t u r a t i o n  vapor p re s su res  a t  t h e  h y g r i s t o r  temperature and a t  ambient a i r  
temperature,  r e s p e c t i v e l y .  

The above equat ions and t h e i r  cons tan ts  have been der ived  from t h e  l i m i t e d  
c a l i b r a t i o n  d a t a  a v a i l a b l e ,  from a small  s e t  of d a t a  from BOMEX Period I11 
(June 19 - Ju ly  2, 1969), and from r e s u l t s  of  prev ious  work on t h i s  problem. 
They should t h e r e f o r e  be considered pre l iminary  and t e n t a t i v e ,  s u b j e c t  t o  
change a s  t h i s  s tudy  p rog res ses .  Forthcoming BOMAP pub l i ca t ions  on t h i s  
s u b j e c t  w i l l  be more s p e c i f i c  and p r e c i s e ,  and w i l l  con ta in  support ing d a t a  
from t h e  l i t e r a t u r e  a s  we l l  a s  from BOMEX. 

P re - r e l ease  Thermal Conditioning Errors  -- Evidence e x i s t s  t h a t  pre-  
r e l e a s e  hea t ing  o r  cool ing  may cause humidity e r r o r s  t h a t  a f f e c t  t h e  lower 
l e v e l s  of t h e  radiosonde soundings. S p e c i f i c a l l y ,  i n  some in s t ances  t h e r e  
appears t o  be hea t ing  from t h e  s h i p ' s  deck and s u p e r s t r u c t u r e ;  i n  o t h e r s ,  
cool ing from t h e  deck o r  from keeping t h e  radiosonde i n  a cool room before  
r e l e a s e .  This problem must be s tud ied  i n  more d e t a i l .  

So la r  Radiat ion Correc t ion  -- In o rde r  t o  eva lua t e  t h e  humidity e r r o r  
caused by s o l a r  hea t ing  o f  t h e  h y g r i s t o r  and sonde package, we must f i r s t  
remove t h e  e r r o r s  due t o  thermal l a g  of  t h e  h y g r i s t o r  and t o  p re - r e l ease  
thermal c o n d i t i o n h g .  Evaluat ion of  t h e  magnitude of  t h i s  e r r o r  due t o  
s o l a r  hea t ing ,  and c o r r e c t i v e  procedures ,  w i l l  be  covered i n  f u t u r e  r e p o r t s .  

Correct ion o f  Other E r ro r s  -- E f f e c t s  o t h e r  than  those  mentioned above 
a r e  be l ieved  t o  be l e s s  s i g n i f i c a n t  and a r e  given a lower p r i o r i t y  f o r  t h e  
p re sen t .  These inc lude  h e a t  generated by t h e  sonde ' s  b a t t e r y  and e l e c t r o n i c  
components, entrainment  o f  t h e  hea ted  wake o f  t h e  ba l loon  i n t o  t h e  h y g r i s t o r  
duc t ,  v a r i a t i o n  of  v e n t i l a t i o n  r a t e  caused by t h e  swinging o f  t h e  sonde 
(Harney, 1971), wet-bulb e f f e c t  o f  t h e  the rmis to r  when t h e  sonde passes  from 
cloud t o  dry  warm a i r  i n  and above t h e  inve r s ion ,  and p re s su re  sensor  e r r o r s  
due t o  d r i f t  and h y s t e r e s i s .  I n  add i t i on ,  t h e r e  a r e  t h e  r e s i d u a l  instrumen- 
t a l  e r r o r s  i nhe ren t  i n  t h e  manufacturing process .  These e f f e c t s  w i l l  be 
analyzed a s  t ime pe rmi t s .  

Resul t s  o f  t he  Lag Correc t ion  Procedures 

The equat ions given i n  t h e  preceding s e c t i o n  have been used i n  modifying 
t h e  BOMEX radiosonde and dropsonde humidity d a t a  shown i n  f i gu res  2 through 4 .  
Figure 2 shows t h e  radiosonde, dropsonde, and a i r c r a f t  d a t a  from and nea r  t he  
Oceanographer on June 26, 1969, during t h e  n i g h t .  Included a r e  t h e  radiosonde 
and dropsonde temperature da t a ,  i d e n t i f i e d  as  TR and TD, and s p e c i f i c  humidity 
d a t a ,  i d e n t i f i e d  a s  R and D. The soundings a r e  shown from about 1,020 mb 
(1.02 bar )  t o  750 mb ( .75 b a r ) .  The absc i s sa  s c a l e  is  broken i n  o rde r  f o r  
both temperature and s p e c i f i c  humidity d a t a  t o  be shown. 



In  f i g u r e  2, t h e  radiosonde unmodified d a t a  a r e  represented  by t h e  heavy 
broken l i n e  marked R, while  t he  dropsonde unmodified d a t a  a r e  i d e n t i f i e d  by 
the do t t ed  l i n e  marked D .  The co r r ec t ed  humidity p r o f i l e s  a r e  marked Rc and 
D ~ ,  r e s p e c t i v e l y .  The a i r c r a f t  d a t a  a r e  shown a t  about 300, 1,300, and 2,300 

above s e a  l e v e l  and a r e  i d e n t i f i e d  by s o l i d  c i r c l e s  and t r i a n g l e s .  The 
c i r c l e s  i n d i c a t e  d a t a  obtained from a Cambridge Systems dew-point hygrometer; 
the t r i a n g l e s  i n d i c a t e  d a t a  obta ined  from an i n f r a r e d  hygrometer. The times 
of observa t ion  f o r  t h e  radiosonde and dropsonde a re ,  r e spec t ive ly ,  0302 and 
0235 GMT and f o r  t h e  a i r c r a f t  0212, 0242, 0554, and 0624 GMT. The a i r c r a f t  
was i n  t h e  a i r  more than  5 hours .  The co r rec t ions  t o  t h e  curves a r e  genera l -  
ly  i n  t h e  r i g h t  d i r e c t i o n ,  bu t  a t  some l e v e l s  t h e r e  is  an over -cor rec t ion .  
The f a c t  t h a t  t h e  two soundings a r e  removed i n  t ime and space by about 3 hour 
and 50 n m i  may have some bearing on t h i s .  

F igure  3 i l l u s t r a t e s  another  s e t  o f  n ight t ime soundings, made on June 24, 
1969. The s h i p  i s  t h e  Discoverer i n  t h e  sou theas t  corner  o f  t h e  BOMEX a r r ay .  
Here t h e  co r r ec t ed  humidity p r o f i l e s  show good agreement only below 960 mb 
and n e a r  850 mb, beneath t h e  inve r s ion .  The d i f f e r ence  i n  t h e  cor rec ted  
curves between t h e s e  two l e v e l s  may be  t h e  r e s u l t  o f  i n s u f f i c i e n t  co r r ec t ions ,  
o r  may r ep resen t  t r u e  d i f f e r ences  wer  t h e  50-n-mi sepa ra t ion  between t h e  
two soundings. The a i r c r a f t  d a t a  i n  t h i s  case appear low, b u t  they  were 
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Figure 2. Radiosonde and dropsonde temperatures and spec i f ic  hu- 

midities, before and a f t e r  correction for t h e m 2  Zag 
of hy p i s  tor, compared u i t h  aircraf t-measured speci f ic  
hwrridity. Nighttime soundings, June 26, 1969. 
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Figure 3. Same as fig. 2, f o r  n i g h t t i m e  soundings ,  June 24, 1969 .  
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Figure 4. Same as f i g .  2, for dayt ime sound;ings, June 29, 1969. 
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&tained from t h e  DC-6 39C a i r c r a f t  o f  NOAA1s Research F l i g h t  F a c i l i t y  (RFF) 
and a r e  known t o  be l e s s  r e l i a b l e  than  d a t a  from t h e  RFF DC-6 40C. The anomaly 
in t he  radiosonde temperature curve nea r  840 mb i s  presumably c rea t ed  by (a) 
evaporative cool ing a t  t h e  top  of  clouds and/or (b) t h e  "wet-bulb e f fec t"  
resu l t ing  from evaporat ion of  moisture c o l l e c t e d  on t h e  the rmis to r  during 
,scent through t h e  clouds.  

The daytime p a i r  o f  soundings i n  f i g u r e  4 perhaps b e t t e r  i l l u s t r a t e s  t h e  
modifying procedure. The soundings were made a t  and n e a r  t h e  Oceanographer 
on June 29, 1969. Here, t h e  sounding modi f ica t ion  r equ i r e s  f u r t h e r  co r r ec t ion .  
 his, obviously, is t h e  co r r ec t ion  requi red  f o r  t h e  s o l a r  hea t ing  e f f e c t  on 
the radiosonde h y g r i s t o r .  Also, apparent hea t ing  e f f e c t s  from t h e  s h i p ' s  deck 
and supe r s t ruc tu re  a r e  seen i n  both t h e  radiosonde temperature and humidity 
curves. The su r f ace  temperature and humidity readings a r e  those  from t h e  
shipboard s l i n g  psychrometer r a t h e r  than  from t h e  radiosonde. 

Radiosondes and dropsondes c u r r e n t l y  used i n  t h e  United S t a t e s  y i e l d  
incor rec t  humidi t ies  f o r  s e v e r a l  reasons.  For t h e  radiosonde these inc lude  
the e f f e c t s  of  s o l a r  r a d i a t i o n  during t h e  day, inadequate  v e n t i l a t i o n ,  and 
thermal l a g  i n  t h e  h y g r i s t o r s .  For t h e  dropsonde, t h e  e r r o r  is  due mainly 
to thermal l ag .  

Lag c o r r e c t i v e  procedures have been e s t ab l i shed ,  and t e n t a t i v e  lag  con- 
s t an t s  determined. Resul ts  appear t o  be s a t i s f a c t o r y ,  bu t  a second eva lua t ion  
of t h e  cons tan ts  i n  t h e  l a g  co r r ec t ion  equat ions,  based on a l a r g e r  d a t a  
sample, w i l l  be made before  f i n a l  modif icat ions o f  t h e  BOMEX soundings. 

Other  e f f e c t s ,  such a s  those o f  s o l a r  r a d i a t i o n ,  package hea t ing ,  and 
pre- re lease  thermal condit ioning,  a r e  being checked and w i l l  be  covered i n  
subsequent r e p o r t s .  
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